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ABSTRACT Advances in computer power, methodology,
and empirical force fields now allow routine ‘‘stable’’ nano-
second-length molecular dynamics simulations of DNA in
water. The accurate representation of environmental inf lu-
ences on structure remains a major, unresolved issue. In
contrast to simulations of A-DNA in water (where an A-DNA
to B-DNA transition is observed) and in pure ethanol (where
disruption of the structure is observed), A-DNA in '85%
ethanol solution remains in a canonical A-DNA geometry as
expected. The stabilization of A-DNA by ethanol is likely due
to disruption of the spine of hydration in the minor groove and
the presence of ion-mediated interhelical bonds and extensive
hydration across the major groove.

The polymorphic structure and conformational f lexibility of
DNA play an important role in a variety of biological pro-
cesses. Sequence specific f lexibility and deformability are
important in transcriptional regulation; specific examples in-
clude transcription factor-induced bending of DNA (1), un-
winding of the DNA helix by zinc finger proteins (2), and the
transportation of one duplex through another by type II DNA
topoisomerases (3). In addition to structural deformations
induced by ligand or protein binding, conformational transi-
tions in DNA among the various canonical forms are also
biologically relevant. A particularly intriguing example, which
increases resistance to UV radiation damage in Gram-positive
bacteria, is the induction of an A-form geometry in an other-
wise B-DNA duplex by a/b-type small acid-soluble spore
proteins (4). Local transitions to Z-DNA in alternating pu-
rine–pyrimidine segments may also help promote and regulate
DNA condensation (5). These conformational transitions oc-
cur because the conformation of DNA is strongly dependent
upon the environment. Variations in ionic strength and iden-
tity, sequence, water activity, and ligand/protein binding all can
modulate DNA structure.¶ An example is the B-DNA to
A-DNA transition observed in 76%, 80%, or 84% ethanol
(vol/vol) solutions of DNA fibers in the presence of Na1, K1,
or Cs1, respectively (9). In contrast, the more strongly hy-
drated counterions (Li1 and Mg21) inhibit the transition to
A-DNA; instead, B-DNA to C-DNA (7) or B-DNA to P-DNA
(8) transitions are observed. Although a number of theories
have been advanced regarding the molecular mechanisms
underlying the stabilization of A-DNA in mixed water and
ethanol solutions, no one has solved a structure of an ‘‘isolat-
ed’’ A-DNA in an ethanolic solution. In this report, we
demonstrate that molecular dynamics simulations can provide
this molecular level description. In contrast to pure water,
where an A-DNA to B-DNA transition is observed on a
roughly 500 ps time scale (16), simulations of d[CCAACGT-
TGG]2 in pure ethanol or mixed water ethanol show a pro-

foundly different behavior. Simulations starting from an A-
DNA structure in pure ethanol move away from the canonical
geometry [;4.0 Å all atom root-mean-square deviation
(RMSd) by ;2 ns] and local distortions in the helicoidal
parameters are evident. In a mixed water and ethanol solution,
A-DNA remains in a A-like geometry for greater than 3 ns of
molecular dynamics.

Molecular dynamics simulations on nucleic acids have a
relatively rich history starting with the first simulations of
Levitt (17) and Karplus et al. (18). The early simulations [see
reviews by Beveridge et al. (19, 20)] were generally limited to
short time scales (,200 ps), typically displayed anomalous
structure such as base pair fraying, and demonstrated the need
for including some representation of solvent and a reasonable
treatment of the highly charged phosphate backbone. Ad-
vances in computer power, empirical force field representa-
tions, and the development of more reasonable means to
handle the long-ranged electrostatic interactions now allow
routine ‘‘stable’’ nanosecond length unrestrained molecular
dynamics simulations of nucleic acids in water with explicit
counterions [for a review see Louise-May et al. (21)]. From
these studies, it has become clear that a well balanced force
field is necessary to properly represent the expected structural
preferences and dynamics. However, the precise balance in the
force field has not been fully put to the test. Although our
previous simulations demonstrate that B-DNA is favored over
A-DNA in water (6) as is expected, B-DNA could be artificially
stable under all conditions. Therefore, simulations were run
under conditions that are expected to stabilize A-DNA using
the same d[CCAACGTTGG]2 sequence, the same force field
(22), and an equivalent simulation protocoli applying the
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¶Examples of environmentally induced changes in secondary structure
include increasing ethanol concentrations leading to B-DNA to
A-DNA (6), C-DNA (7), or P-DNA (8) transitions depending on the
nature of the counterion (9); binding of neomycin or spermine to
induce a B-DNA to A-DNA transition (10) or binding of distamycin
A or netropsin to induce an A-DNA or Z-DNA to B-DNA transition
(11); or binding of Co(NH3)6

31 to induce a B-DNA to A-DNA or
Z-DNA transition (10). Common to each of these means to transition
among the various structural forms seems to be both a subtle
modulation of the hydration of DNA and the ionic association with
the negatively charged phosphate backbone and grooves. Models such
as the groove binding model (6, 12) explain the stabilization of
B-DNA by ions interacting directly with base atoms in the minor
groove (Cs1 . K1 . Na1) or indirectly via water bridges (Li1).
B-DNA is also stabilized by extensive solvation of the grooves and
backbone (13), such as the ‘‘spine of hydration’’ in the minor groove
(14). A-DNA, on the other hand, is significantly less hydrated (13, 15)
and is stabilized by aggregation and interhelical contacts (9) and also
by ions interacting primarily in the major groove [such as
Co(NH3)6

31] (10) and with the phosphates. There is a profound
dependence on the nature of the ionic species; for example, the
square planer Pt(NH3)4

21 ion and strongly hydrated Mg21 and Li1
ions do not induce a B-DNA to A-DNA transition (10).

iAll simulations were performed applying the particle mesh Ewald
method within AMBER4.1 with constant pressure and temperature (300
K) with Berendsen temperature coupling, SHAKE on hydrogens, a 2
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particle mesh Ewald (PME) method (25) implemented into
AMBER4.1 (26). The results suggest that the current DNA
simulation protocols have reached a sufficient level of realism
that they can reasonably represent the environmental effect on
DNA structure.

When A-DNA is placed in pure ethanol (with or without
counterions)**, the structure moves away from a canonical A
geometry, with all atom RMSd values rising monotonically and
approaching '4 Å after '2 ns of simulations. The structures
visited during the dynamics are characterized by local distor-
tions in the helicoidal parameters. Similar behavior was ob-
served in a 1.5 ns simulation of B-DNA in pure ethanol. These
distortions in the structure are not surprising since no water is
present in these simulations to solvate the DNA; even under
extremely dehydrating conditions, A-DNA still has some
tightly associated water (15). Moreover, in solutions of greater
than 90% ethanol, A-DNA to P-DNA transitions are typically
encountered (8, 9). P-DNA is a highly aggregated form of
DNA that appears to have lost all of its base stacking. In these
simulations, because we are only simulating one structure in a
periodic box, the nucleic acid cannot aggregate. However, the
simulations in pure ethanol suggest that we are seeing some
secondary structural collapse in the DNA [as is evident by low
twist ('18°), high roll ('23°), and large rise ('4.8 Å) at some
base pair steps], which is consistent with the experiment.
However, the simulations have not been run long enough to
definitively support this claim. Despite this, these results are
presented because the behavior observed in pure ethanol is
clearly different than is observed in water or in a mixed water
and ethanol solution.

In solutions with greater than '80% ethanol it is expected
that A-DNA should be stable. To see if our models could
reproduce this behavior, simulations were run in mixed water
and ethanol solutions. To avoid a very long equilibration
protocol to hydrate the DNA when the nucleic acid is placed
into a pre-equilibrated box of water and ethanol, ‘‘hydrated’’
DNA was placed into a box of pure ethanol. In other words, a

snapshot from a previous trajectory of A-DNA was taken††

and stripped of all the waters except the 500 waters closest to
any DNA or counterion atom. This leads to '20 waters per
nucleotide and '6 waters per counterion, which is equivalent
to the hydration expected for B-DNA (13, 15). A 3 ns
molecular dynamics simulation was performed on A-DNA in
this mixed ethanol/water solution‡‡. Fig. 1 presents the RMSd
to A-DNA over the course of the simulations in pure ethanol
and mixed water and ethanol solutions. The structure in the
mixed water and ethanol solution stays within '2.0 Å of
canonical A-DNA. The helicoidal parameters presented in
Table 1 confirm that the structure is canonical A and moreover
even closer to canonical A than the A-RNA structure calcu-
lated previously for this sequence (23). The structure does not
display the intrastrand stacking at the central CpG step seen
in corresponding A-RNA simulations (23) and in a number of
A-DNA crystal structures (29, 30). The differences from
canonical A-DNA are an average pucker value that is higher
than expected, which indicates significant sugar repuckering to
C29-endo and an axial rise that is slightly higher than expected;
this leads to a structure that is perhaps closer to A9-DNA (31).

The observation of a stable A-DNA structure, despite this
higher average pucker and repuckering between C39-endo and
C29-endo, suggests that it is not a difference in the relative
stability of C39-endo sugar puckers in ethanolic solution com-
pared with pure water that leads to the stabilization of A-DNA.
Fig. 2 presents the time course of the central six sugar puckers.
Sugar repuckering occurs at every nucleotide with the terminal
residues displaying more C29-endo puckering on average. The
time course is shown to demonstrate that there is not a general
trend toward C29-endo puckers at later parts of the simulation,
or in other words, we are not seeing a slow transition to
B-DNA. Interestingly, the terminal groups, particularly the
guanines, spend a significant time with C39-endo puckers. This
suggests that the structure is in the process of transitioning to
a B-DNA structure; however, the water and counterions in the

fs time step, and a 9 Å cutoff applied to the Lennard–Jones interac-
tions. Differences from our previous studies (16, 23) include the use
of an all-atom ethanol model and slightly longer equilibration periods
when the DNA is held fixed (100 ps in pure ethanol and '300 ps in
the water/ethanol with the ions and water held fixed as well) to better
equilibrate the ethanol prior to production simulations. An all-atom
flexible ethanol model was developed using the standard nonbonded
and intramolecular parameters from the Cornell et al. (22) force field
and charges generated from a restrained electrostatic potential fit (24)
to a 6–31 G* wave function of the minimum geometry of ethanol. The
charges and atom types for the CH3CH2OH molecule are as follows:
CT, 20.0990; HC, 0.0345; CT, 0.3318; H1, 20.0294; OH, 20.6718;
and HO, 0.4143. These charges correspond to a total dipole moment
of 1.77 Debye, which is about 5% higher than the gas-phase dipole
moment for ethanol of 1.68 Debye. Molecular dynamics simulations
of a periodic box of 213 ethanol molecules under constant pressure
conditions yield, with this parameter set, a density of 0.781 g/cm3 and
a heat of vaporization of 9.989 kcal/mol; these compare well with the
experimental values of 0.789 g/cm3 (error 21.0%) and 9.67 kcal/mol
(error 3.2%), respectively. When PME is applied, the density (0.800
g/cm3) and head of vaporization (10.21 kcal/mol) increase slightly.

**The simulation of A-DNA in pure ethanol with Na1 counterions
had 929 ethanol molecules and was placed in a box of '58 Å by '46
Å by '46 Å and represented 9,011 atoms. The simulation without
counterions had 941 ethanol molecules in a box of roughly the same
size and represented 9,101 atoms; the net charge of 218.0 on the
system was neutralized by smearing it over all atoms or by subtract-
ing 218.0/9101 from the charge on each atom. The latter simulation
was run, since in the simulation with counterions, the nonhydrated
counterions never moved away from the phosphate atoms, which
could have lead to the distortions in the structure. However, when
the counterions were removed, the simulation moved away from
canonical A-DNA more rapidly. A 1.5 ns simulation of the average
B-DNA structure from previous simulations (16) was also run in a
box ('59 Å by 47 Å by 47 Å) of 1,162 ethanol molecules and 18 Na1

counterions.

††The A-DNA ‘‘snapshot’’ was generated and equilibrated from a
canonical A-form geometry as described previously (16), except that
that the pucker was forced to remain C39-endo by the addition of a
flatwell restraint on the C19–C29–C39–C49 torsion to keep the angle
between 30° and 40°, as discussed in our previous work (23); this
prevents the structure from undergoing an A-DNA to B-DNA
transition. The snapshot represents the structure after 20 ps of
production dynamics; at this point, the ions are still in rather close
proximity to the phosphate groups of the nucleic acid.

‡‡The simulation contained 500 waters and 1,240 ethanol molecules in
addition to the DNA atoms and 16 Na1 counterions. Based on the
experimental densities, this is '85.5% ethanol by volume. The
equilibration protocol involved performing '300 ps of dynamics
with the DNA, Na1 ions, and water held fixed to allow the ethanol
to equilibrate. The box size was '60 Å by 50 Å by 50 Å and the PME
charge grid was 64 Å by 54 Å by 54 Å. Otherwise, the simulation
conditions were equivalent to our previous work (23).

FIG. 1. RMSd over the course of the A-DNA simulation. The
RMSd of all DNA atoms from canonical A-DNA is shown as a function
of time for the simulation of A-DNA in mixed ethanol/water solution
(solid line) and A-DNA in pure ethanol (broken line).
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major groove appear to inhibit this process in the central core
of the duplex and stabilize A-DNA.

A-DNA is generally less hydrated than B-DNA; this is part
of the reason why a B-DNA to A-DNA transition is observed
in mixed water and ethanol solutions. Fig. 3 shows the number
of water and ethanol oxygen atoms within 3.4 Å of any DNA
atom over the course of the simulation in the mixed solvent. As
the simulation proceeds, water is clearly being ‘‘pulled’’ away
from the DNA. By '2 ns, '15 waters and '6.0 ethanols per
base pair are associated with the DNA. To better visualize the

water and counterion association, contours of the water oxy-
gen, ethanol oxygen, and carbon (C5), and Na1 counterion
density over the final nanosecond of the trajectory are dis-
played as a stereoview in Fig. 4. Despite fewer waters per base
pair, the DNA is still extensively hydrated. Water and coun-
terion density is extensive in the major groove (Fig. 4 Lower)
with a large body of closely associated water bridging the two
strands in a bend across the major groove. The extensive
hydration and counterion association likely overcomes the
interstrand phosphate repulsion and helps stabilize A-DNA. In

FIG. 2. Time course of the sugar puckers. The time course of the sugar pucker pseudorotation phase as a function of time from the simulation
of A-DNA in mixed water/ethanol is displayed for the central six residues. From top to bottom: on the left the sequence is AACGTT and on the
right is the corresponding paired base, or TTGCAA.

Table 1. Selected helicoidal and backbone angle values

Canonical A A-DNA A-DNAV250.3 A-RNA B (in water)

Twist, ° 32.7 32.6 31.0 30.9 30.9
Rise, Å 2.56 2.92 2.95 2.70 3.26
Inclination, ° 19.1 15.8 10.9 15.0 4.9
x-disp., Å 25.43 24.0 23.4 25.19 22.96
RMS to A, Å 0.00 1.66 1.68 2.09 3.85
Pucker, ° 13.1 80.1 72.7 22.6 122.8
x, ° 205.8 222.6 220.7 201.7 234.2
d, ° 84.3 102.8 96.7 79.3 116.6

Values of selected average helicoidal parameters, backbone angles, and sugar pucker values are
presented for a canonical A-DNA model structure (canonical-A), the simulation of A-DNA in mixed
ethanolywater solution (A-DNA, 2,000–3,000 ps), the simulation of B-DNA with the modified V2 term
on the O–C–C–O torsions (from 1.0 to 0.3 kcalymol), which underwent a B-DNA to A-DNA transition
(A-DNAV250.3, 2,000–3,000 ps), A-RNA in pure water (A-RNA, 1,030–2,030 ps) (23), and B-DNA in pure
water (B-DNA, 400–1,400 ps) (16). All of the helicoidal values were calculated using the Dials and
Windows interface (27) to Curves (28) from average structures over 1 ns portions of the trajectories
(except in the case of the canonical A-DNA structure). The average structures were created by RMS fitting
all DNA atoms at 1 ps intervals from the trajectories and coordinate averaging. Helicoidal values reported
are averages over all base pairs or base pair steps where appropriate. The sugar pucker, x and d angles
are 1 ps averages over 1 ns portions of the dynamics, averaged over all nucleotides (except in the case of
the canonical A model structure). It should be noted, as discussed in our previous work (23), that the
means of the calculated values from each snapshot at 1 ps intervals over the same range are notably
different in the rise, x-displacement (x-disp.), and base pair inclination from those reported in this table
and are more B-like. The means of the values calculated from each individual snapshot at 1 ps intervals
over the same range for the rise, x-displacement, and base pair inclination are 3.15 Å, 22.67 Å, and 6.3°,
respectively, for the A-DNA trajectory and 3.48 Å, 21.27 Å, and 26.2°, respectively, for the B-DNA
trajectory (16).
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addition to the extensive hydration transverse to the major
groove, spines of hydration are also apparent as is extensive
hydration on the major groove side of the backbone. The
hydration in the major groove is more extensive than was seen
in corresponding simulations of A-RNA in water (23) and the
hydration of the backbone is greater than was seen in simu-
lations of B-DNA in water (16). The minor groove is also
extensively hydrated; however, the density appears lower than

is seen in the simulations of A-RNA in water. The terminal
base pair steps at both ends of the helix shows extensive ethanol
association in the minor groove (Fig. 4 Lower). Ethanol is also
apparent in the central part of the minor groove and appears
to partially disrupt the spine of hydration in the minor groove.
The minor groove side of the backbone also displays significant
ethanol oxygen association.

Less apparent hydration in the minor groove and extensive
hydration and ion association in the major groove is consistent
with the experimental observation of ions in the major groove
of A-DNA. A-DNA is presumably stabilized not only by ions
and hydration in the major groove, but likely by absence of
stabilizing counterion association and, consistent with the
‘‘groove binding model’’ (6, 12), by hydration in the minor
groove.

To see if a spontaneous B-DNA to A-DNA transition would
be observed, simulations were also run starting with B-DNA
under the same environmental conditions ('85% ethanol). In
these the structure remains in a B-DNA structure for more
than 3 ns. Thus, we cannot claim that the lowest free energy in
our model with 85% ethanol is A-DNA, but only that the
ethanol environment clearly stabilizes A-DNA compared with
simulations in pure water. However, a subtle modification in
one torsion parameter, reduction of the V2 term in the
O–C–C–O torsions from 1.0 to 0.30 kcal/mol to better stabilize
the C39-endo sugar pucker, allows a spontaneous B-DNA to

FIG. 3. Closely associated oxygen atoms. Graph represents the
number of water oxygens (solid line) and ethanol oxygens (broken
line) within 3.4 Å of any DNA atom over the course of the A-DNA
simulation in mixed water/ethanol solution.

FIG. 4. Hydration and counterion association in grooves of A-DNA. Shown is a stereoview into the minor (Upper) and major (Lower) grooves
of the average structure from the final nanosecond of the A-DNA simulation in mixed water/ethanol. Contoured average water oxygen (blue),
ethanol oxygen (red), ethanol methyl carbon C5 (white), and Na1 counterion (yellow) density is also displayed. These data are generated (25) by
RMS fitting all atoms of the DNA to the first frame, at 1 ps intervals. Then a grid is constructed around the DNA (50 Å3), and for each frame
in the trajectory, if the center of the atom of interest is within a particular grid element (each 0.5 Å3), a counter is updated. This grid is then contoured
using the MIDASPLUS (32) density delegate (written by Christian Schafmeister, University of California, San Francisco). The water and counterion
density is contoured at 15.0 hits per grid element (or roughly 3.6 times bulk water density) and the ethanol atoms are contoured at 8.0 hits per
grid element (or roughly 4.8 times bulk ethanol density). To simplify the view in Upper and avoid obscuring the view of the hydration into the minor
groove, the rear clipping plane is set so that the major groove density in the background is not as apparent; this clips some of the DNA structure
in the background and the terminal base pairs (which are visible in the lower figure).
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A-DNA transition in '85% ethanol at '1.5 ns (see the
A-DNAV250.3 averages in Table 1). The transition to A-DNA
is rapid and characterized by a drop in the RMSd to cannonical
A-DNA from '4 Å at 1,350 ps to less than 2.5 Å by 1,500 ps.
At 1,350 ps, although approximately six of the nucleotides
display predominantly C39-endo sugar puckers, the structure is
still closer to canonical B-DNA. By 1,500 ps, repuckering of
eight additional nucleotides from C29-endo to C39-endo facil-
itates the transition to A-DNA. It should be noted that in pure
water (with the modified torsion parameters) the B-DNA
average structure obtained (after an A-DNA to B-DNA
transition) is less cleanly B-DNA (with average rise of 3.15 Å,
x-displacement of 23.34 Å, and inclination of 5.82° in the
average structure over 1,655–1,755 ps) than is observed with
the original model.

These results suggest that molecular dynamics simulations,
with a state-of-the-art force field and proper treatment of the
long-ranged electrostatics, can reasonably represent the effect
of the environment on DNA structure. How quantitatively
accurate these results are can be further tested with high
resolution NMR studies in these solvent conditions. However,
the simulations demonstrate the stabilization of B-DNA and
A-RNA in water, unstable A-DNA and B-DNA in pure
ethanol, and stabilization of A-DNA in mixed water ethanol
solution. Consistent with the experiment, these studies suggest
that the relative stabilization of, and transition between, A-
and B-form geometries involves subtle differences in the
specific hydration and counterion association with the nucleic
acid. Whereas B-DNA is stabilized by extensive hydration in
the minor groove and by hydrated counterions in the minor
groove anchoring the two strands (Na1 , K1 , Cs1), A-DNA
is stabilized by major groove hydration and ion association, and
also by ion-mediated interhelical bonds across the major
groove and between duplexes (Na1 . K1 . Cs1) (9). In
conclusion, we have shown that state-of-the-art simulations,
which reproduce the experiment well for B-DNA in water (16),
show the expected environmental dependence in pure ethanol
and mixed water and ethanol solutions.
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